Semi-synthetic b-lactam antibiotics are synthesized enzymatically with the use of penicillin G acylase (PGA). Currently, PGA only exhibits weak diastereoselectivity with respect to the alpha amino group of rac-phenylglycine methyl ester (rac-PGME) when it is coupled with 6-aminopenicillanic acid to synthesize ampicillin. Therefore, we sought to improve the diastereoselectivity of PGA by targeting residues for site-saturation based on the proximity to the substrate's chiral center. Four variants with improved selectivity for (R)-ampicillin synthesis were identified, all resulting from a mutation at the b24 position. bPhe24Ala, while not identified from our library screening, was obtained with site-directed mutagenesis because it has been previously shown to be selective for (R)-enantiomers with substituents other than an amino group. The diastereomeric excess (d.e. R ) value of 37% for the wild-type enzyme was improved to a d.e. R value of 98% for our most selective mutant, bPhe24Ala. Also, four mutations at the a146 position that resulted in (S)-selective PGA variants were identified. bPhe24 and aPhe146 are on opposite sides of the alpha carbon of the substrate, and we have shown that altering these residues results in enhanced selectivity in opposite directions. All variants that showed selectivity for (S)-ampicillin synthesis showed decreased synthetic activity for pure substrates and a decreased synthesis-to-hydrolysis ratio. In contrast, the mutants that were selective for (R)-ampicillin showed significantly decreased primary and secondary hydrolysis when synthesizing ampicillin from pure (R)-PGME, resulting in up to 4-fold decrease in the synthesis to hydrolysis ratio and up to 2-fold increase in the yield achieved. Finally, it was discovered that the selective PGA variants have racemase or epimerase activity, a fascinating phenomenon that has never been reported.
Introduction
Semi-synthetic b-lactam antibiotics are the most prescribed class of antibiotics in the world (Elander, 2003) . Their fourmembered b-lactam ring is the crucial moiety to combat bacterial infections because it inhibits bacterial cell-wall synthesis (Abeylath and Turos, 2008) . These compounds are classified as semi-synthetic because the b-lactam moiety is obtained from a natural fermentation product; penicillin G, penicillin V or cephalosporin C (CPC), while the acyl side chain is obtained by a chemical or chemoenzymatic synthesis. Chemical coupling of a b-lactam moiety with an acyl side chain has dominated the industrial production of semi-synthetic b-lactam antibiotics since their discovery in the early 1960s (Wegman et al., 2001) . Enzymatic coupling of a b-lactam moiety with an acyl side chain can be accomplished with penicillin G acylase (PGA, EC 3.5.1.11) in a process that is much more environmentally benign (DSM, 2011) . Mature PGA is a heterodimeric enzyme with a 23.9 kDa a-chain and a 62.4 kDa b-chain (Duggleby et al., 1995; Done et al., 1998; McVey et al., 2001) . The enzyme's two chains are closely intertwined and form a 70 Å Â 50 Å Â 55 Å protein that is kidney shaped in its cross section and has a cone-shaped depression in the center of the protein surface, at the base of which lies the catalytic residue (Duggleby et al., 1995; McVey et al., 2001) . PGA belongs to the N-terminal nucleophile hydrolase superfamily, which is characterized by a single N-terminal catalytic residue, a characteristic four-layer a þ b structure around the active site, and a complex maturation process (Done et al., 1998; McVey et al., 2001) . Typically, the kinetically controlled synthesis is employed for the coupling of the b-lactam nucleus and the acyl side chain. PGA is a hydrolase and therefore it has the ability to catalyze the undesired primary hydrolysis of the side chain acyl donor and the secondary hydrolysis of the antibiotic, in addition to the desired synthesis reaction as shown in Fig. 1 . Both hydrolysis reactions negatively affect yield.
Stereoselective processes for the preparation of pharmaceutically active ingredients is especially important as stereoisomers often have different pharmacokinetic, pharmacologic and toxicologic effects (United States Food and Drug Administration, 1992) . However, PGA exhibits relaxed diastereoselectivity and therefore enantiomerically pure acyl donor substrates must be prepared for the enzymatic synthesis of semi-synthetic b-lactam antibiotics. In this study, we aimed to employ protein engineering to improve the selectivity of PGA with respect to the amino group on the alpha carbon (C a ) in the synthesis of ampicillin from the acyl side chain donor rac-phenylglycine methyl ester (rac-PGME) and the b-lactam nucleus 6-aminopenicillanic acid (6-APA) so that less expensive racemic acyl donors can be used in the synthesis of b-lactam antibiotics.
Currently, when starting with rac-PGME and 6-APA, PGA will catalyze the synthesis of the desired product, (R)-ampicillin, in addition to an undesired product, (S)-ampicillin, as shown in Fig. 1 . PGA gives the product with an initial diastereomeric excess (d.e.) of 15% and a d.e. value of 37% at the point when the maximum yield of (R)-ampicillin is achieved, both with respect to the desired synthesis product, (R)-ampicillin. Morley and Kazlauskas found that mutations close to the active site are most effective in altering enzyme selectivity (Morley and Kazlauskas, 2005) . Therefore, to alter the selectivity of PGA we targeted residues based on their proximity to the C a of the inhibitor penicillin G sulfoxide for site-saturation through construction of NNK libraries (N represents and equal mixture of the nucleotide bases A, G, C and T; and K represents an equal mixture of T and G). Residues that are known to be necessary for catalysis were not considered for mutation. The five residues that are within 6 Å of the C a penicillin G sulfoxide and therefore were mutated for diastereomer selectivity improvement are aPhe146, bPro22, bPhe24, bThr68 and bPhe71 (the amino acid residues are labeled to indicate the chain, a or b, the wild-type amino acid residue, the residue number on the chain and the variant amino acid residue when applicable). Figure 2 shows the residues chosen for mutation in the active site of PGA.
Although little research has been performed on the selectivity of PGA with respect to the substituent on the C a , extensive research on the first-shell residues in the active site of PGA has been completed. Previous alignment of eight known class IIa PGA sequences shows that in comparison with the wild-type residues of PGA from Escherichia coli, aPhe146 is 38% conserved, bPro22 is 100% conserved, bPhe24 is 75% conserved, bThr68 is 100% conserved and bPhe71 is 62.5% conserved (Polizzi et al., 2006) . Residue aPhe146 is known to act as a 'gatekeeper' to the active site because of its ability to occupy two different energetically favored positions: the residue is in a 'closed' helical conformation and shields the hydrophobic active site from solvent when either no substrate is present or a tightly bound small substrate is present, or the residue shifts out towards the solvent in an 'open' coil conformation when a weakly bound large substrate is present. When a b-lactam antibiotic is bound, the aPhe146 side chain interacts with the thiazolidine ring of the b-lactam nucleus (Done et al., 1998; Alkema et al., 2000; McVey et al., 2001) . aPhe146 and bPhe24 are on opposite sides of the substrate-binding pocket as shown in Fig. 1 . The synthesis of ampicillin from rac-PGME. Primary hydrolysis of rac-PGME and secondary hydrolysis of ampicillin are not shown for simplicity.
Fig. 2. (A)
Crystal structure showing the active site of PGA complexed with penicillin G sulfoxide (PDB 1GM9). Penicillin G sulfoxide is shown in gray with the C a highlighted in pink. Residues that were chosen for mutation are labeled and residues that are known to be necessary for catalysis are shown in red. (B) The structures of penicillin G sulfoxide and (R)-ampicillin. Fig. 2 . Their aromatic rings are known to interact with the phenylacetyl side chain of substrates and to limit the size of the C a -substituent that can bind in phenylacetic acid derivatives (Done et al., 1998; Alkema et al., 2004) . bPhe71 is known to undergo a change in conformation upon binding with large substrates and forms a stacked conformation with thiazolidine ring of the b-lactam nucleus. Additionally, bPhe71 and aPhe146 are known to be structurally linked via a calcium ion (Alkema et al., 2000; McVey et al., 2001) . bPro22 is known to be a part of the hydrophobic substratebinding pocket (Alkema et al., 2004) .
Only two studies on the selectivity of PGA with respect to substituents on C a position have been completed. Svedas, et al. completed an extensive study on the substrate specificity of wild-type PGA and found that PGA did not have any significant stereospecificity for substrates with the polar groups -OH or -NH 2 at the C a position (Svedas et al., 1996) . Alkema et al. studied the selectivity of wild-type PGA and the PGA variants bPhe24Ala, aPhe146Tyr and the double variant bPhe24Ala/aPhe146Tyr with various C a -substituted substrates, though the selectivity with an amino group substituent was not studied (Alkema et al., 2004) . The selectivity of wild-type PGA was found to be dependent on the size and polarity of the substituent. PGA variant bPhe24Ala was found to increase enantioselectivity towards all (R)-enantiomers, variant aPhe146Tyr was shown to have enantioselectivity similar to the wild type, and double variant bPhe24Ala/aPhe146Tyr was shown to have additive enantioselective properties of the two single-point mutations (Alkema et al., 2004) . Both studies investigated the enantioselectivity of PGA by utilizing enantiopure substrates as inhibitors, experimentally determining their inhibition constants, and comparing them to determine the enzyme's enantioselectivity.
To our knowledge, the present work is the first study to improve the selectivity of PGA with respect to substrates' C a with site saturation of individual residues. Furthermore, this research represents for the first time that the selectivity of PGA with respect to the C a is investigated to obtain synthesis of a diasteriomerically pure semi-synthetic b-lactam antibiotic.
Materials and methods

Materials
ampicillin, (R)-phenylglycine methyl ester hydrochloride ((R)-PGME), (S)-phenylglycine methyl ester hydrochloride ((S)-PGME), phenylmethylsulfonyl fluoride (PMSF) and 2-nitro-5-[( phenylacetyl)amino]-benzoic acid (NIPAB) were procured from Sigma Aldrich (St Louis, MO, USA).
Strains and plasmids
The pac gene encoding penicillin acylase has two mutations resulting in an LAla37Val substitution in the linker (¼'L') region and a bVal148Leu substitution in the mature protein as compared with the Swiss-Prot entry P06875 derived from E.coli ATC11105.
Mutagenesis
Diverse libraries were generated by following the protocol of QuikChange Site-Directed Mutagenesis Kit. The forward and reverse primers utilized to create the aPhe146 library were 5 0 -GC ACC ATG GCA AAC CGC NNK TCG GAT AGC ACT AGC GAA ATC G-3 0 and 5 0 -C GAT TTC GCT AGT GCT ATC CGA MNN GCG GTT TGC CAT GGT GC-3 0 , respectively. The forward and reverse primers utilized to create the bPro22 library were 5 0 -CG AAA GCA ATC ATG GTA AAT GGT NNK CAA TTT GGC TGG TAT GCG C-3 0 and 5 0 -G CGC ATA CCA GCC AAA TTG MNN ACC ATT TAC CAT GAT TGC TTT CG-3 0 , respectively. The forward and reverse primers utilized to create the bPhe24 library were 5 0 -CA ATC ATG GTA AAT GGT CCG CAG NNK GGT TGG TAT GCG CCT GCG-3 0 and 5 0 -CGC AGG CGC ATA CCA ACC MNN CTG CGG ACC ATT TAC CAT GAT TG-3 0 , respectively. The forward and reverse primers utilized to create the bThr68 library were 5 0 -GGT GTG ATT TCC TGG GGA TCA NNK GCT GGT TTC GGC GAT GAT G-3 0 and 5 0 -C ATC ATC GCC GAA ACC AGC MNN TGA TCC CCA GGA AAT CAC ACC-3 0 , respectively. The forward and reverse primers utilized to create the bPhe71 library were 5 0 -C TGG GGA TCA ACG GCA GGT NNK GGT GAT GAT GTC GAT ATT TTT GCT G-3 0 and 5 0 -C AGC AAA AAT ATC GAC ATC ATC ACC MNN ACC TGC CGT TGA TCC CCA G-3 0 , respectively. The point mutation bPhe24Ala was also generated by following the protocol of Quikchange Site-Directed Mutagenesis Kit. The forward and reverse primers utilized to create the bPhe24Ala were 5 0 -CA ATC ATG GTA AAT GGT CCG CAG GCG GGT TGG TAT GCG CCT GCG-3 0 and 5 0 -CGC AGG CGC ATA CCA ACC CGC CTG CGG ACC ATT TAC CAT GAT TG-3 0 , respectively. The resulting polymerase chain reaction products were transformed into competent XL1-Blue E.coli cells and grown overnight in Luria -Bertani (LB) media containing 35 mg ml 21 chloramphenicol at 37 8C. Liquid cultures were subsequently mini-prepped, transformed into competent HB101 E.coli cells, and grown overnight on agar plates containing 35 mg ml 21 chloramphenicol. Library diversity was confirmed with sequencing.
Expression of PGA and PGA variants
Libraries of PGA variants were expressed in 96-well microtiter plates. Master 96-well microtiter plates containing 170 ml LB medium with 35 mg ml 21 chloramphenicol were inoculated from single HB101 E.coli colonies and grown overnight at 37 8C with agitation at 180 rpm. Expression plates were created by replicate plating of transformants into 170 ml LB media with 35 mg ml 21 chloramphenicol and grown at 37 8C with agitation at 180 rpm for 8 h. After 8 h, expression plates were induced with 0.1 mM isopropyl b-D-1-thiogalactopyranoside and incubated at 17 8C and with agitation at 180 rpm for 18 h. After 18 h, osmotic shock was performed in 96-well microtiter plates by centrifugation at 1500 rpm (1230 Â g) to obtain cell pellets; re-suspension of cell pellets in 5Â volume of chilled osmotic shock buffer composed of 20% (w/v) sucrose, 100 mM TrisHCl and 10 mM EDTA at pH 8.0; centrifugation at 1500 rpm (1230 Â g) to obtain cell pellets; re-suspension in 5Â volume of chilled 1 mM EDTA to release the periplasmic fraction; and centrifugation at 1500 rpm (1230 Â g) to pellet cell debris. Master plates were stored at 280 8C after the addition of 50 ml of 70% sterile glycerol. Large-scale expression of PGA and PGA variants were carried out analogously but on a 500 ml scale (McVey et al., 2001).
Ampicillin synthesis reactions with racemic and pure substrates
Periplasmic extracts obtained from 96-well microtiter expression plates were utilized in reactions containing 90 mM rac-PGME and 20 mM 6-APA in 100 mM phosphate buffer to complete the library screening. Reactions were started by the addition of 50 ml of substrate mixture at 25 8C and pH 7.0 to 10 ml of periplasmic extract containing PGA variants in 96-well microtiter plates. After 6 h, the reactions were sampled and quenched by diluting 10-fold with the addition of the high-performance liquid chromatography (HPLC) eluent for analysis with HPLC. Library hits were expressed on a large scale and their periplasmic extracts were used for reactions containing 90 mM rac-PGME and 20 mM 6-APA; 60 mM (R)-PGME and 20 mM 6-APA; and 60 mM (S)-PGME and 20 mM 6-APA. All larger-scale reactions were in 100 mM phosphate buffer, at 25 8C and pH 7.0, contained 37 mg of active PGA variant and had a total volume of 1600 ml. Reaction samples were taken at various points during the reaction and were quenched by diluting 10-fold with the addition of HPLC eluent for analysis with HPLC.
High-performance liquid chromatography
HPLC analysis was completed with a Shimadzu-LC-20AT pump, Beckman Coulter Ultrasphere ODS 4.6 mm Â 25 cm column and SPD-M20A prominence diode array detector monitored at 215 nm. The mobile phase was isocratic at 1.0 ml min 21 that initially contained 12.5% methanol and 87.5% 20 mM phosphate buffer at pH 7.0, increased via a step change to 30.0% methanol and 70% 20 mM phosphate buffer at pH 7.0 after 7 min, and decreased via a step change to 12.5% methanol and 87.5% 20 mM phosphate buffer at pH 7.0 after 30 min until 40 min. Phenylglycine, 6-APA, (R)-ampicillin and (S)-ampicillin were analyzed on the HPLC. (R)-ampicillin and (S)-ampicillin diastereomers were separated on the HPLC column; however, the enantiomers of (R)-and (S)-phenylglycine, and (R)-and (S)-PGME co-eluted with the stated method.
Chromogenic activity assay with NIPAB NIPAB, a chromogenic substrate and a penicillin G analog, was employed to determine the hydrolysis activity of the PGA variants. The hydrolysis of NIPAB liberates 5-amino-2-nitrobenzoic acid, which was monitored at 405 nm with a Beckmann-Coulter DU800 spectrophotometer. NIPAB hydrolysis reactions were carried out at 25 8C in 50 mM phosphate buffer at pH 7.5 (Alkema et al., 1999) .
Results and discussion
Screening for mutants with improved selectivity
Five NNK libraries, each randomized at one of the five sites (aPhe146, bPro22, bPhe24, bThr68 and bPhe71), were screened by comparing the ratio of the production of (R)-ampicillin with (S)-ampicillin for PGA variants to that of the wild-type PGA in the synthesis of ampicillin from rac-PGME and 6-APA in 96-well microtiter plates. PGA libraries targeting improvements in the synthesis of semisynthetic b-lactam antibiotics are typically difficult to screen due to the combination of varying expression and activity levels among variants, and to the transient nature of antibiotic formation observed in synthesis reactions. As a result, it is often difficult to determine an appropriate sampling time when screening PGA variants for improved synthesis properties. However, these difficulties are all but eliminated when screening variants for improved selectivity, as selectivity at an early point in the reaction is typically indicative of the selectivity observed during the course of the reaction. Furthermore, screening for improved mutants with the desired synthesis reaction, rather that selecting for active mutants with the widely employed auxotrophic hydrolysisbased assay with D-phenylglycyl-L-leucine (Forney et al., 1989) , proved to be necessary for this study, as the majority of our improved variants showed significantly decreased hydrolysis activity.
We screened at least 94 PGA variants per site, targeting a .95% library coverage for each NNK library. The fraction of active variants differed with position, ranging from 8% (bPhe71) via 10% (bPro22), 21% (aPhe146), 24% (bPhe24) to 31% (bThr68). Across all the PGA variants screened, 23% were active variants and 76% were inactive variants, agreeing with what is expected when making mutations around the active site of PGA (Gabor and Janssen, 2004) . PGA is expressed as a single cytoplasmic precursor and must undergo autocatalytic processing to render an active enzyme. The residues in the active site of PGA are notoriously difficult to mutate due to their participation in precursor processing (Hewitt et al., 2000) . Of the active variants, 14% had improved selectivity towards (R)-ampicillin synthesis and 59% had improved selectivity for (S)-ampicillin synthesis, though many of the variants showed low activity or poor expression. The remaining active variants did not show a significant change in diastereomeric selectivity. As we are ultimately interested in obtaining an (R)-selective PGA, all variants that showed improvement towards (R)-ampicillin selectivity were sequenced. Additionally, the top 25 variants that showed improvement towards (S)-ampicillin selectivity were sequenced.
Overall, sequencing revealed 12 non-duplicitous variants from our library screening as potentially interesting PGA mutants with improved selectivity. Four variants showed improvement towards (R)-ampicillin synthesis and eight variants showed improvements for (S)-ampicillin synthesis, as assayed by our 96-well microtiter plate screening reactions. bPhe24Ala was not identified from library screening, but was targeted for mutagenesis due to the fact that it was previously shown to be selective for (R)-enantiomers with substituents other than an amino group at the C a position (Alkema et al., 2004) . This point mutation proved to be very difficult to obtain which is likely why it was not captured during the library screening. All 13 variants were expressed on a larger scale and the purities of their periplasmic extracts were determined with duplicate PMSF titrations (Alkema et al., 1999) . The levels of PGA in their periplasmic extracts for the PGA variant ranged from 10 to 25%, which was confirmed by sodium dodecyl sulfate polyacrylamide gel electrophoresis analysis. Subsequently, larger-scale ampicillin synthesis reactions with rac-PGME were completed in order to confirm the selective behavior of the PGA variants observed in the 96-well microtiter plate screen.
Ampicillin synthesis from racemic substrates
Larger-scale synthesis reactions from 90 mM rac-PGME and 20 mM 6-APA were carried out over a 10 h time period, with samples taken at least every hour. The results from these reactions are shown in Table I . From these larger-scale reactions we were able to confirm that three variants bPhe24Cys, bPhe24Pro and bPhe24Ser indeed showed improved (R)-selectivity, as assayed by the well -plate screen. Additionally, we discovered that variant bPhe24Ala also shows increased selectivity towards (R)-ampicillin synthesis. Furthermore, we were able to confirm that four of the variants that showed improved (S)-selectivity as assayed by the well -plate screen, variants aPhe146Ala, aPhe146Arg, aPhe146Gln and aPhe146Tyr, show improved selectivity towards (S)-ampicillin. The remaining variants identified by our library screening effort, which include aPhe146Lys, bPro22Asn, bPro22Leu, bPhe24Gly and bThr68Ser, exhibited poor expression, low activity or low selectivity and were not studied further. Ampicillin conversion profiles for wildtype PGA, the most (R)-selective variant and the most (S)-selective variant are shown in Fig. 3 .
Perhaps the most obvious trend observed in selective mutants is that all variants that have improved selectivity for (R)-ampicillin synthesis result from an amino acid change at the b24 position and all variants that have improved selectivity for (S)-ampicillin synthesis result from an amino acid change at the a146 position. The crystal structure of wildtype PGA complexed with (R)-a-methyl phenylacetic acid (PDB 1K79) shows that bPhe24 and aPhe146 are on opposite sides of the substrate's C a substituent, so it is consistent to expect that changes in these positions could lead to enhancements in selectivity in opposite directions.
Variants selective for (R)-ampicillin synthesis. Crystal structures of wild-type PGA and bPhe24Ala complexed with (R)-a-methyl phenylacetic acid (PDB 1K79 and 1K5S, respectively) show that the mutation does not result in significant positional rearrangement of the catalytic residues or the loop containing the b24 residue. Furthermore, the two crystal structures show that the removal of a phenyl ring creates space in the binding pocket to better accommodate C a -substituted (R)-enantiomers in comparison with wild-type PGA, explaining the 10-fold higher binding affinities observed by Alkema et al. for variant bPhe24Ala as compared with those observed for wild-type PGA for C a -substituted substrates (Alkema et al., 2004) . It is reasonable to assume that alanine, serine and cysteine would have similar structural impacts. That being said, the d.e. R values reported in Table I for bPhe24Ala, bPhe24Ser and bPhe24Cys correlate directly with the sizes of the amino acids present in each variant. Alanine occupies the least amount of space, 88.6 Å 3 (Creighton, 1984) , and is the most selective variant with a d.e. R value of 98%. Serine is not much larger; it occupies a volume of 89.0 Å 3 (Creighton, 1984) , and is only slightly less selective with a d.e. R value of 97%. Cysteine is considerably larger; it occupies a volume of 117.7 Å 3 (Creighton, 1984) , and as a result is less selective with a d.e. R value of 70%. Variant bPhe24Pro does not follow this trend, though inserting a proline would affect the backbone structure of the protein, likely kinking the loop containing reside b24 and creating additional space in the Table I . Results from ampicillin synthesis reactions starting from 90 mM rac-PGME and 20 mM 6-APA resulting in the production of (R)-ampicillin ((R)-Amp) and (S)-ampicillin ((S)-Amp) Improving the selectivity of penicillin G acylase binding pocket. This would explain why bPhe24Pro has a d.e. R value of 95% despite occupying 122.7 Å 3 of space (Creighton, 1984) . Furthermore, the crystal structures of variant bPhe24Ala show that when a substituent on the C a atom is present, the enzyme occupies the closed confirmation where aPhe146 shifts and covers the binding pocket (Alkema et al., 2004) . As a result, aPhe146 occupies space that (S)-substituents would occupy, explaining why bPhe24Ala, bPhe24Ser, bPhe24Pro and bPhe24Cys, show significantly decreased (S)-ampicillin synthetic activity.
Variants selective for (S)-ampicillin synthesis. The amino acid substitutions at the a146 position that lead to an increase in selectivity for (S)-ampicillin synthesis are all very different. As shown in Table I , the most selective variant is aPhe146Arg with a d.e. S value of 65%, followed by aPhe146Gln with a d.e. S value of 57%, aPhe146Ala with a d.e. S value of 51% and aPhe146Tyr with a d.e. S value of 36%. Obviously, there is no trend in the observed selectivity of these variants with polarity, charge or size of the amino acids, rendering it difficult to ascertain what factors are contributing to the observed increase in selectivity. Similarly, Jager et al. found it difficult to correlate properties of the amino acids introduced at the a146 position to their effects on the kinetic properties of PGA (Jager et al., 2008) . However, it is well known from crystal structures of PGA that the residue at the a146 position is flexible and can adopt multiple energetically favored conformations. In the wildtype enzyme, the movement of aPhe146 is thought to occur either to create space in the binding pocket to accommodate larger substrates or to create additional binding interactions with the substrate, depending on the situation (Alkema et al., 2004) . A crystal structure for aPhe146Tyr complexed with (R)-a-methyl phenylacetic acid shows no conformational changes in comparison with the wild-type, but because the position of aPhe146 is situational no certain conclusions can be drawn from it (Alkema et al., 2004) . The variants that show increased selectivity for (S)-ampicillin synthesis are likely those that are able to adopt energetically favorable conformations that accommodate the (S)-substituent.
Ampicillin synthesis from enantiopure substrates
The eight interesting mutants were further characterized by investigating their ability to synthesize (R)-ampicillin and (S)-ampicillin from pure substrates over a 24 h time period, with samples taken at least every 2 h for the first 12 h. The results from the ampicillin synthesis reactions starting with 20 mM 6-APA and 60 mM (R)-PGME are shown in Table II and Fig. 4 . The results for ampicillin synthesis reactions starting from 20 mM 6-APA and 60 mM (S)-PGME are shown in Table III Variants selective for (R)-ampicillin synthesis. The (R)-selective variants that we have identified have proven to not only be more selective, but also lead to an enhancement in the yield achieved when synthesizing ampicillin from pure (R)-PGME as shown in Table II . The synthesis with variant bPhe24Ala results in the highest yield, 85.7%, and has increased synthetic activity over wild-type PGA by a factor of 1.09. These results agree with the 3-fold increase in yield and the equivalent activity observed during ampicillin synthesis for bPhe24Ala in comparison with wild-type PGA that has been reported by Alkema et al. and the 4-fold increase in yield observed by Gabor et al. for a bPhe24Ala variant from penicillin acylase PAS2 (Alkema et al., 2002; Gabor and Janssen, 2004) . Variant bPhe24Ser has decreased synthetic activity in comparison with the wild-type PGA by a factor of 0.52, but is ultimately still able to achieve a yield of 82.7%. Similarly, Phe24Pro has decreased synthetic activity in comparison with the wild-type PGA by a factor of 0.50 but yields 74.4% of ampicillin. Finally, bPhe24Cys shows decreased synthetic activity by a factor of 0.19 in comparison with the wild-type but still achieves a yield of 42.7%. The trend in our results are similar to those reported when You et al. site-saturated bPhe24 and found the synthetic activity for bPhe24Ala to be 330% relative to wild-type PGA, bPhe24Ser to be 23%, bPhe24Pro to be 31% and bPhe24Cys to be 0% for cefadroxil synthesis from (R)-p-phenylglycine hydroxy ethyl ester and Fig. 3 . Ampicillin synthesis from 20 mM 6-APA and 90 mM rac-PGME for (A) wild-type PGA, (B) PGA variant bPhe24Ala and (C) PGA variant aPhe146Arg.
A.L. Deaguero et al. 7-aminodeacetoxycephalosporanic acid (You et al., 2002) .
Closer examination of the data shows that all of the (R)-selective variants have significantly decreased hydrolytic activity. As a result, we observe notably increased ratios of the synthesis of ampicillin to the generation of (R)-PG from primary hydrolysis, also known as the synthesis to hydrolysis ratio (S/H-ratio), for the (R)-selective PGA variants as compared with wild-type PGA. An increase in the S/H-ratio is known to increase the yield in the kinetically controlled synthesis of ampicillin, explaining why the (R)-selective variants show an improvement in yield despite decreases in their synthetic activity. Also contributing to the yield enhancement is the considerable decrease in secondary hydrolysis observed, which is shown in Fig. 4 . The work by Alkema et al. supports these findings for bPhe24Ala as they report a 4-fold decrease in k cat /K M for ampicillin in comparison with wild-type PGA and the 20-fold decrease in k cat /K M for ampicillin with a bPhe24Ala variant from penicillin acylase PAS2 (Alkema et al., 2002; Gabor and Janssen, 2004) . The (R)-selective variants result in a significantly decreased hydrolytic activity, synthetic activity and yield when synthesizing ampicillin from (S)-PGME, as shown in Table III .
Variants selective for (S)-ampicillin synthesis. The (S)-selective variants that we have identified all show a decrease in hydrolytic activity, synthetic activity and yield achieved when synthesizing ampicillin from pure (R)-PGME and 6-APA. The (S)-selective variants also show a decrease in synthetic activity and yield in the synthesis of ampicillin from (S)-PGME and 6-APA compared with wild-type PGA. As discussed above, the S/H-ratio is an indicator of the overall yield in the kinetically controlled synthesis of ampicillin, and the (S)-selective variants have a decreased S/ H-ratio for all synthesis reactions from pure substrates. This is in contrast with previous reports that aPhe146Ala has a 2-fold increase in S/H-ratio but an activity so low that the ampicillin concentration could not be reliably determined in the synthesis from 15 mM (R)-phenylglycine amide ((R)-PglA) and 30 mM 6-APA (Alkema et al., 2002) . Furthermore, these results differ from those reported by Jager et al. for ampicillin synthesis from 15 mM (R)-PglA and 10 mM 6-APA. Jager et al. site-saturated aPhe146 and found that aPhe146Ala achieved 99% of the maximum yield Fig. 4 . Ampicillin synthesis from 20 mM 6-APA and 60 mM (R)-PGME for (A) wild-type PGA, (B) PGA variant bPhe24Ala and (C) PGA variant aPhe146Arg.
Improving the selectivity of penicillin G acylase of wild-type PGA, aPhe146Gln achieved 114%, aPhe146Arg achieved 3% and aPhe146Tyr achieved 0% for ampicillin synthesis from 15 mM (R)-PglA and 10 mM 6-APA (Jager et al., 2008) . This clearly corroborates previous reports that changes in PGA esterase and amidase activity are not necessarily equivalent (Alkema et al., 2002) . The most drastic decrease in S/H-ratio is observed for aPhe146Tyr, which has decreased nearly 60-fold in the synthesis from (R)-PGME and decreased 10-fold in the synthesis from (S)-PGME, agreeing with previously reported results of a 40-fold decrease in S/H-ratio for the synthesis of ampicillin from (R)-PglA and 6-APA (Alkema et al., 2002) . In all cases, the decrease in the S/H-ratio can be explained by the fact that aPhe146 is known to have van der Waals interactions with the b-lactam nucleus. Therefore, mutating this residue will decrease the affinity of the enzyme for 6-APA and thereby decrease the synthesis activity of the enzyme.
Selective mutants have racemase/epimerase activity
Interestingly, we have found that the eight selective variants that we have identified also act as racemases, epimerases or both. As shown in Fig. 5 , when starting from pure (S)-PGME, the (R)-selective variants actually produced (R)-ampicillin. After 24 h, variant bPhe24Ala yielded 8.0% (R)-ampicillin ( Fig. 5B ) when starting from pure (S)-PGME.
(bPhe24Ser yielded 8.3% (R)-ampicillin, bPhe24Pro yielded 6.6% (R)-ampicillin and bPhe24Cys yielded 1.6% (R)-ampicillin (data not shown)). In fact, the rate at which bPhe24Ala catalyzes (R)-ampicillin synthesis is 1.5-fold higher than the rate that which it catalyzes (S)-ampicillin synthesis, though (R)-ampicillin synthesis does not begin until 27 min after the reaction was initiated. Similarly, bPhe24Ser catalyzes (R)-ampicillin synthesis at 2.2 times the rate of (S)-ampicillin, but (R)-ampicillin synthesis does not begin until 69 min after the reaction was initiated. Also, the (S)-selective variants are able to catalyze (S)-ampicillin synthesis from pure (R)-PGME. Variant aPhe146Ala yielded 1.5% (S)-ampicillin, aPhe146Gln yielded 5.4% (S)-ampicillin, aPhe146Arg yielded 4.4% (S)-ampicillin (Fig. 4C , lower curve) and aPhe146Tyr yielded ,1% (S)-ampicillin. The (S)-selective variants are not enantioselective: they catalyze (S)-ampicillin synthesis at much slower rates than they synthesize (R)-ampicillin when starting from pure (R)-PGME A.L.Deaguero et al.
( Fig. 4C, upper curve) , nonetheless the fact that these PGA variants can act as a racemase or epimerase is fascinating. Racemase/epimerase activity is observed in the wild-type enzyme only over long timescales and even then yields of (R)-ampicillin produced from (S)-PGME are ,1% (data not shown). This observation, on the wild-type enzyme, rules out chemical racemization as a cause for (R)-ampicillin synthesis from pure (S)-PGME. The chemical racemization of phenylglycine and phenylglycine esters has previously been analyzed in detail (Matsuo et al., 1967; Smith and Sivakua, 1983) . Smith and Sivakua determined that the racemization reaction is base catalyzed and dependent on several factors including temperatures greater than 80 8C, protonation of the amine group on the a-carbon and ionic strength (Smith and Sivakua, 1983) . This intriguing phenomenon shown for our PGA variants is not understood and to our knowledge has never been reported for wild-type PGA or any PGA variants.
NIPAB hydrolysis
All eight variants were further characterized by investigating their ability to hydrolyze NIPAB and the results are shown in Table IV . NIPAB is a chromogenic analog of penicillin G and is widely used to characterize the hydrolysis activity of PGA variants. With the exception of aPhe146Tyr, all of the variants had significantly decreased hydrolytic activity and binding affinities for NIPAB as evidenced by hugely increased K M values. This agrees with the results that Alkema et al. presented for variants bPhe24Ala, aPhe146Ala, aPhe146Tyr and supports the hypothesis that the removal of a phenyl ring from the active site of PGA decreases the binding affinity for its substrates (Alkema et al., 2000 (Alkema et al., , 2002 . Previous reports indicate that only C a -substituted substrates bind tightly to bPhe24Ala (Alkema et al., 2004) . The amino acid variation at bPhe24Ser and bPhe24Cys are assumed to have structural impacts equivalent to bPhe24Ala and therefore the lack of a C a substituent would contribute to their low binding affinities for NIPAB as well.
Conclusions
In this work, we succeeded in altering the diastereoselectivity of PGA by site-saturation mutagenesis of five residues in the active site. Four PGA variants were found to have improved selectivity for (S)-ampicillin synthesis from racemic (R)-PGME, all resulting from an amino acid substitution at the a146 position. The position of the residue at a146 is known to be flexible and depends on the substrate bound, and therefore it is difficult to ascertain what factors led to the observed (S)-selective behavior. In the wild-type enzyme, aPhe146 is known to interact with the b-lactam nucleus and therefore the synthetic activity of the variants was affected as evidence by the decreased S/H-ratio and a decreased yield for the synthesis of (R)-ampicillin and (S)-ampicillin from (R)-PGME and (S)-PGME, respectively, for all mutants.
Finding a PGA variant capable of enantioconvergently synthesizing diastereomerically pure (R)-ampicillin would enable the use of racemic-activated acyl side chains in the synthesis of ampicillin, cephalexin and cefaclor. We have found four (R)-selective variants with improved diastereomeric selectivity for (R)-ampicillin synthesis. The result is an improvement from the d.e. R value of 37% for the wild-type enzyme to a d.e. R value of 98% for our most selective mutant, bPhe24Ala. All (R)-selective variants resulted from an amino acid substitution at the b24 position and the extent of selectivity was shown to vary inversely on the size of the amino acid substituted for phenylalanine. Additionally, the (R)-selective variants were shown to have up to 4-fold increase in S/H-ratio and up to 2-fold increase in the yield achieved when synthesizing ampicillin from pure (R)-PGME.
Even if the initial activated acyl side chain of choice for ampicillin is (R)-PglA, these selective variants can prove to be useful in the synthesis of semi-synthetic b-lactam antibiotics. The production of pure (R)-PglA from rac-PglA with (S)-aminopeptidase results in a maximum of 50% conversion to the desired (R)-PglA and an excess of the (S)-phenylglycine ((S)-PG). (S)-PG can be racemized and resolved with diastereomeric salt crystallization, or alternatively it can be esterified and racemized in one step with the use of naphtha cracking catalyst zeolite H-USY (Wegman et al., 2001) . A dynamic kinetic resolution by selective ammonolysis of rac-PGME with Candida antarctica lipase B coupled with racemization with an aromatic aldehyde to selectively produce (R)-PglA has been previously proposed but has not been implemented because it only achieves an enantiomeric excess of 85% (Hacking et al., 1998) . Replacing the lipase with a selective PGA would eliminate the need for the ammonolysis step, as PGA could synthesize ampicillin directly from the methyl ester, and the dynamic kinetic resolution nature of the process would be retained. 
